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Abstract 
The article presents a newly developed model for minimizing construction team downtime. The model is designed specifically for 
flow shop construction scheduling, where schedules are created with the assumption that the work will be organized in accordance 
with the Linear Scheduling Method (LSM). Such schedules are utilized in the construction industry in cases of structures that can 
or should be subdivided and it is expected that the subsequent work processes carried out on the subdivisions will be organized in 
accordance with the technological assumptions. The algorithm has been developed based on the presupposition that the teams 
whose task will be to assist the ones generating the most significant downtime will differ in their efficiency.   
The article presents a precise description of the mathematical algorithm. The model is based on an iterative algorithm. The 
functioning of the algorithm is also presented on an example of 5 consecutive teams working on 5 subdivisions. The results yielded 
by the utilization of the algorithm proved satisfactory. There was a slight, about 16%, reduction in the duration, while worker 
downtime has been reduced significantly, by 42%.  
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of WMCAUS 2016. 
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1. Introduction 
The presented model has been developed for the purpose of optimizing flow shop scheduling of construction works. 
Among the many existing optimization methods for such scheduling, Johnson’s algorithm is one of the most basic. 
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The limitation of this algorithm is the possibility of scheduling work for only two brigades. In the case of several 
working brigades, finding the optimal solution can prove to be very difficult or even impossible. There are many 
optimization models for industrial production [3], [4]. Such methods can also be found for construction industry, e.g., 
a model with time couplings [1] or hybrid evolutionary algorithm [5]. One method which has some limitations is the 
use of brute-force algorithm [2]. 
Despite the use of even the most advanced heuristic algorithms, downtimes occur in brigades’ work in result charts. 
The purpose of the presented model is even greater minimization of such downtime. 
2. Model description 
Results can be optimally represented as a network model. A generalized form of the network model is demonstrated 
below, in Figure 1.  "W" corresponds to the construction site subdivision and "B" the working brigade. 
 
Fig. 1. Discussed network model. 
Based on the optimal results arrangement, a time matrix ୧୨ should be designed. The matrix is defined below. As 
the algorithm is iterative, the matrix has been marked with a superscript k. 
୧୨
ሺ୩ሻ ൌ ቎
ଵଵ ڮ ଵ୨
ڭ ڰ ڭ
୧ଵ ǥ ୧୨
቏ Ǣ  ൌ ͳǡǥ ǡǢ  ൌ ͳǡǥ ǡ   (1) 
where: 
m – number of construction site subdivisions, 
n – the number of working brigades, 
k – the number of iterations. 
 
Based on the above network model and the matrices ୧୨
ሺ୩ሻ , a matrix ୧୨
ሺ୩ሻ  should be designated containing the 
calculated total slack for activities. 
୧୨
ሺ୩ሻ ൌ ൥
ଵଵ ڮ ଵ୨
ڭ ڰ ڭ
୧ଵ ǥ ୧୨
൩ Ǣ  ൌ ͳǡǥ ǡǢ  ൌ ͳǡǥ ǡ   (2) 
where: 
m – number of construction site subdivisions, 
n – the number of working brigades, 
k – the number of iterations. 
 
WmBnW2BnW1Bn 
WmB2W2B2W1B2 
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In the initial version of the algorithm an assumption was made that brigades working on different tasks demonstrate 
equal efficiency. In this version, the author proposes the introduction of the efficiency coefficients. It is assumed that 
the coefficients of the brigades will range from 0 to 1, ୮୨ א ۃͲǢ ͳۄ. This assumption stems from the principles of 
assigning resources to tasks. The efficiency coefficient greater than 1 would be indicative of wrong allocation of labour 
resources. The coefficients should also be introduced in the form of a matrix. The efficiency matrix ୮୨ is presented 
below. 
୮୨ ൌ ൦
ͳ ଵଶ ڮ ଵǡ୨
Ͳ ͳ ڰ ڭ
ڭ ڰ ͳ ୮ିଵǡ୨
Ͳ ڮ Ͳ ͳ
൪ Ǣ  ൌ ͳǡǥ ǡ Ǣ  ൌ ͳǡǥ ǡ  (3) 
where: 
l – the number of work processes, 
n – the number of working brigades. 
 
The matrix contains values different from zero in only one part. This was necessary as the algorithm assumes that 
only following brigades may assist preceding brigades. 
If all the efficiency coefficients are introduced as 1, the initial version of the algorithm should be used. In other 
cases, the author suggests the use of the following algorithm. As in the case of the basic model, the algorithm is 
iterative. 
Firstly, the greatest value of the efficiency coefficient needs to be found in the first row of the efficiency matrix. 
The search should be conducted only for activities for which the following condition is fulfilled: 
൫୧ǡ୨ୖ൯
ሺ୩ሻ
൑ ൫୧ାଵǡ୮୞ ൯
ሺ୩ሻ
Ǣ  ൌ ͳǡǥ ǡ െ ͳ (4) 
where: 
ୖ – date of commencement of activity, 
୞ – date of commencement of activity. 
 
In the case in which several brigades have equal coefficients, the first one found should be chosen. Having selected 
a coefficient ୮୨ , we can proceed to calculating the new duration times for selected activities. "p" indicates the 
brigades to which additional manpower will be allocated, "j" indicates from where it will come. 
As previously mentioned, the algorithm is iterative. Within each step, a series of calculations need to be performed. 
In the later part of the study, formulas are provided which should be used in subsequent iterations of the algorithm. 
The formulas for the first iteration of the algorithm presented below are two dependencies allowing for the 
implementation of corrections to the activity performance times. When applying dependency (5), a correction of 
duration times for the p-th brigade working on subsequent site subdivisions should be carried out. The values p and j 
are the values of the efficiency coefficient indices selected as the lowest. 
ቀ୧ǡ୨ െ ୧ାଵǡ୨ ൐ Ͳ ՜ Ԣ୧ାଵǡ୮ ൌ ୧ାଵǡ୮ െ ඌቔ
୸౟ǡౠି୸౟శభǡౠ
ଶ
ቕ כ ୮ǡ୨ඐቁ ר ൫୧ǡ୨ െ ୧ାଵǡ୨ ൑ Ͳ ՜ ୧ାଵǡ୮ᇱ ൌ ୧ାଵǡ൯Ǣ  ൌ ͳǡǥ ǡ (5) 
When applying dependency (6), a correction of duration times for the j-th brigade working on subsequent site 
subdivisions should be carried out. 
൫୧ାଵǡ୮ ൌ Ԣ୧ାଵǡ୮ ՜ Ԣ୧ǡ୨ ൌ ୧ǡ୨൯ ר ቀ୧ାଵǡ୮ ് ᇱ୧ାଵǡ୮ ՜ ᇱ୧ǡ୨ ൌ ୧ǡ୨ ൅ ቔ
୸౟ǡౠି୸౟శభǡౠ
ଶ
ቕ ר ᇱ୧ǡ୨ െ ୧ǡ୨ ൐ ᇱ୧ାଵǡ୮ ՜ ᇱ୧ାଵǡ୮ ൌ
୧ାଵǡ୮ ר ᇱ୧ǡ୨ ൌ ୧ǡ୨ቁ Ǣ  ൌ ͳǡǥ ǡ (6) 
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After performing the calculations, we obtain a number of new values for duration times of activities performed by 
the p-th and j-th brigade. It is therefore once again (k = 2) necessary to develop an activity duration matrix for the site 
subdivisions, and a total slack matrix. The execution of the above-mentioned series of calculations concludes the 
actions to be carried out in the first iteration of the algorithm. Proceeding to the second iteration, we use the same 
formulas as in the first iteration. In the first row of the matrix, the second-greatest efficiency coefficient must be found 
which satisfies the condition from equation 4. When all the coefficients from the first row are used, proceed to use the 
coefficients from the second row, until all the rows of the matrix are used. The number of iterations is equal to the 
number is non-zero coefficients in the matrix W. In the case in which no value greater than 1 can be found in the total 
slack matrix, the algorithm needs to be discontinued. 
3. Example of use 
The input data for optimization are presented in matrices T, Z and W below. The input, basic schedule is presented 
in the second figure, while the third figure demonstrates the schedule after optimization. 
ܶሺଵሻ ൌ
ۏ
ێ
ێ
ێ
ۍ
ͺ ͻ ͹ ͸ ͹
ʹ ͵ ͵ ʹ ʹ
͵ ͵ ʹ ʹ ͳ
ͳ ͳ ʹ ͳ ͳ
ʹ ʹ ͵ ͳ ʹے
ۑ
ۑ
ۑ
ې
 (7) 
ܼሺଵሻ ൌ
ۏ
ێ
ێ
ێ
ۍ
Ͳ Ͳ Ͳ Ͳ Ͳ
ͳͻ ͳʹ ͺ ͷ Ͳ
ͳ͹ ͳͲ ͸ ͷ Ͳ
ͳͻ ͳͲ ͸ ͷ Ͳ
ͳͻ ͳͲ ͸ ͷ Ͳے
ۑ
ۑ
ۑ
ې
 (8) 
ܹ ൌ
ۏ
ێ
ێ
ێ
ۍ
ͳ Ͳǡ͹ Ͳǡ͹ Ͳǡͻ Ͳǡͺ
Ͳ ͳ Ͳǡͻ Ͳǡ͸ Ͳǡͷ
Ͳ Ͳ ͳ Ͳǡʹ ͲǡͶ
Ͳ Ͳ Ͳ ͳ ͲǡͶ
Ͳ Ͳ Ͳ Ͳ ͳ ے
ۑ
ۑ
ۑ
ې
 (9) 
 
Fig. 2. Basic schedule. 
 
 
Fig. 3. Schedule after optimization. 
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4. Results and Discussions 
In the second chapter of this article an accurate description of the model is given, along with the mathematical 
formalization of all the necessary dependencies. The third chapter summarizes an example of the application of the 
model newly developed by the author. It should be noted that the model gave a real, 16%, reduction in the duration 
time from 43 to 36 units. In addition, working brigade downtime has been reduced by 46%, from 78 to 42 units. The 
results can therefore be considered satisfactory. They also confirm the legitimacy of the construction of the new model. 
5. Conclusions 
The newly developed model presented in the article fulfills its task of reducing downtime of working brigades. The 
use of this type of model allows for even greater optimization of the scheduling process. The model is easy to use and 
by using an efficiency matrix it makes inputting information simple and clear. It is important notice that the measure 
of the effectiveness of the model cannot be only the total time and brigade downtime, but also others, like cost aspects, 
which will be analyzed in future research. It is planned to develop a function connecting the two above-mentioned 
criteria and the labor cost of additional work shortening the work of preceding brigades. Developing specialized 
software is also planned. 
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